A first comparison has been made between the pulse-shape discrimination characteristics of a novel 4 He-based pressurized scintillation detector and a NE-213 liquid-scintillator reference detector using an Am/Be mixed-field neutron and gamma-ray source and a high-resolution scintillation-pulse digitizer. In particular, the capabilities of the two fast neutron detectors to discriminate between neutrons and gamma-rays were investigated. The NE-213 liquid-scintillator ref-
Introduction
Fast neutrons are important both as probes of matter and as diagnostic tools [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In the case that information about the energy and emission time of a neutron is available, conclusions about its origin can be drawn. The timing precision required to obtain this information may only be provided by neutron detectors that are fast, providing signals with short risetimes. Today, organic liquid scintillators are the detectors-of-choice for fast neutrons. Drawbacks associated with these scintillators are their toxicity, reactive nature, and sensitivity to a broad range of gamma-ray energies.
Scintillators are substances which emit light when subjected to ionizing radiation. The characteristic time constant associated with the light emitted is a function of the properties of the scintillator in question. Certain scintillators respond to different types of ionizing radiation differently; that is, the time constant of the emitted light is different depending upon the density of ionization produced by the incident radiation. Normally, there are several components with different time constants. The relative intensity of these components affects the effective integrated time constant. By carefully analyzing the behavior of the scintillation light as a function of time, one can determine the incident particle type. This procedure is called pulse-shape discrimination (PSD). PSD is often used to distinguish between different types of uncharged particles, namely gamma-rays and neutrons. In scintillators with good PSD properties, incident gamma-rays interact primarily with the atomic electrons of the scintillator, producing close to minimum-ionizing electrons which give a fast (decay times of some 10s of ns) flash of light. On the other hand, incident neutrons interact primarily with the hydrogen in liquid scintillators and 4 He nuclei in noble-gas scintillators via scattering, transferring some of their energy. For hydrogen, this energy transfer can be 100%, while for 4 He, the energy transfer is at best 64%.
The resulting flashes of light arising from the much denser ionization produced by the relatively large energy loss of the recoiling protons and alpha particles have longer decay times (100s to 1000s of ns). PSD and thus incident particle identification may be performed by recording the time dependence of the scintillation pulse form and comparing the fast and slow components.
2.
4 He as a scintillation medium for fast neutron detection
The development of both liquid and gaseous 4 He based scintillators for fastneutron detection has been reported [6, 8, 12, 14, 15] . 4 He, like most noble gases, is a good scintillator. It has an ultra-violet light yield comparable to the intrinsic non-Tl doped light yield of NaI crystals [16] [17] [18] [19] . Neutron interactions lead to 4 He recoils, where energy is deposited very locally within the gas. Gammaray interactions lead to recoiling electrons, which deposit only tens of keV per centimeter of trajectory. This difference in deposition density and therefore ionization density is believed to ultimately enable the PSD capability. PSD properties may be degraded significantly if the geometry and size of the detector results in a smearing of the transit times of scintillation photons comparible to the scintillation decay times. Good PSD also requires good scintillation efficiency; that is, a sufficient number of scintillation photons to define the time dependence of the pulse accurately, and low noise in the pulse-processing electronics.
With only two electrons per atom, 4 He has a very low charge density, thereby significantly limiting its sensitivity to gamma-rays. This is useful for fastneutron detection, where insufficient gamma-ray rejection is often the factor which constrains the desired performance. The following physical effects contribute positively to the gamma-ray rejection performance of pressurized 4 He gas:
1. Low gamma-ray interaction probability. Due to the low electron density of 4 He, gamma-ray interaction probabilities are two orders of magnitude 3 lower than neutron interaction probabilities.
Low energy deposition.
Depending on the chosen geometry (i.e. a tube with radius of a few cm), the amount of energy the gamma-rays can deposit in the detector volume is limited. This is because the corresponding Compton or pair electrons cannot transfer much energy to the gas before striking a detector wall. [25] [26] [27] . This gamma-ray is too energetic to be absorbed by the stainless steel of the X.3 capsule. Thus the radiation field from the Am/Be is a combination of high-energy gamma-rays and fast neutrons. Both the gamma-ray and fast-neutron dose rates at a distance of 1 m from the source in the unshielded X.3 capsule were measured using a Thermo Scientific Corporation FHT 752 dosimetric neutron detector [28]. They were both determined to be 11 µSv/hr for a total unshielded dose rate of 22 µSv/hr, in exact agreement with the data sheet from the supplier.
Arktis pressurized 4 He gas Neutron Diagnostic Tool (NDT)
The version of the Arktis pressurized gas 4 He fast NDT used for these measurements is shown in Fig. 1 . It was of cylindrical geometry with an outer diameter of 5.08 cm (2") and a 19.5 cm active length. The detector walls were made of stainless steel. The interior surface of the stainless-steel cylinder was coated with a PTFE-based diffuse reflector [29] which was itself coated with an organic phosphor that converted the wavelength of the scintillation light from 80 nm to 430 nm. As 4 He is transparent to its own light, almost no signal loss due to reabsorption occurs [30] . The predominant mechanism for signal loss was due to multiple reflections inside the detector. Optical windows capable of withstanding the 120 bar operating pressure were employed. The scintillation signals were read out at both ends of the active volume by Hamamatsu R580 [31] photomultiplier tubes (PMTs). 
NE-213 reference detector
The NE-213 reference detector is shown in Fig After filling, the borosilicate glass window of the cell was coupled to a cylindrical PMMA [36] lightguide with a depth of 57 mm and a diameter of 72.5 mm.
PMMA is an acrylic which transmits light down to 300 nm in wavelength [37]. As our goal was to produce a stable detector which provided reproducible results, no optical-coupling grease was used.
Arktis WaveDREAM-B16 digitizer
The analog signals from the NDT and NE-213 reference cell were fed directly to a WaveDREAM-B16 high-precision digitizer developed by Arktis Radiation
Detectors [40] (see Fig. 3 ). After being converted to a digital signal, the data of interest were stored for analysis. The decision for storage was based on a 
Measurement

Setup
The experiment setup is shown in Fig. 5 . The Am/Be source in its transport/storage container was placed at the center of a 4-sided enclosure constructed from borated-wax boxes. In the so-called "park" position with the source locked in its transport container at the bottom of the borated-wax box enclosure, the total dose rate in the room was less than 0.4 µSv/hr. When the source was lifted from its container and positioned within the 3 mm Pb A pulse-shape (PS) analysis of the analog signals coming from both detectors was performed using the "tail-to-total" method. Two integration gates were defined, a long gate (LG) and a short gate (SG). Both of the gates opened at the same time, 10 ns before the analog signal. The SG was used to integrate only the fast components of the analog signal, while the LG was used to integrate the entire (both fast and slow components) analog signal. The PS was determined from the difference between the scintillation-light yield in the LG and SG normalized to the scintillation-light yield in the LG: PS = (LG-SG)/LG. For the NDT PMT data, the SG was 100 ns (related to the decay constant of the fast-scintillation components of 4 He) and the LG was 3500 ns (the maximum gate length the digitizer provided). For the NE-213 reference cell data, the SG was 25 ns and the LG was 150 ns. The Arktis NDT gate widths were optimized offline. This procedure was greatly facilitated by the digitizer.
Absolute energy calibration
Energy-calibration measurements for the NE-213 reference cell were performed using 60 Co, 137 Cs, and the Pb-shielded Am/Be sources. Miller [43] .
For the NDT, Geant4 simulations [44, 45] reproduce the shape of the observed pulse-height distributions for neutrons and gamma-rays well. The α decay of trace amounts of 222 Rn in the 4 He gas of the NDT provides an energy signature similar to the neutron/ 4 He scattering process, and was used to calibrate the detector. Neutrons, which produce a recoiling α particle, were correlated directly to the 5.5, 6.0, and 7.7 MeV α lines in 222 Rn [8] . Gamma-rays produce an electron via Compton scattering or an electron and positron via pair production. These interactions occur dominantly in the relatively high-Z walls of the NDT. Apart from very low energies, most electrons or positrons entering the 4 He gas volume do not stop in the gas. On traversing the gas, they loose a fairly well-defined energy of around 150 keV. This produces a peak in the pulse-height distribution which can be used for cross calibration. The energy-loss distribution extends out to around 750 keV, which is more or less independent of the incident gamma-ray energies above 750 keV. These energy losses are of course dependent upon the size and pressure of the 4 He gas volume.
From this, we have established that the scintillation-light yield is the same for electrons and alpha particles, consistent with 4 He being a linear scintillator.
This contrasts with NE-213, where the scintillation-light yield depends strongly on the velocity and ionization density of the interacting particle.
Results
We stress that the data presented in this section came directly from the digitizer and were not optimized via offline software corrections in any way. overlap between the neutron and gamma-ray pulse-height responses occurred.
As shown in the lower panel and in stark contrast, the gamma-ray pulse-height response of the Arktis NDT extends only to 750 keV ee , and clear separation between the neutron and gamma-ray pulse-height responses is evident down to 100 keV ee .
The amount of scintillation light produced in the gaseous 4 He is less than that produced in the liquid scintillator for both particle types. In absolute terms, the detection efficiency of the NE-213 reference cell will qualitatively be higher the Arktis NDT, both for neutrons and gamma-rays. Quantitative evaluation of these detection efficiencies and comparisons with Monte Carlo calculations will be addressed in a future publication. We note that the lower absolute detection efficiency of the Arktis NDT could be advantageous in very high intensity radiation fields. The complete lack of a gamma-ray band to MeV ee . Once the requirement on the amount of deposited energy exceeds 0.75
MeV ee , the gamma-ray peak is no longer visible in the Arktis NDT, and the signal is unambiguously neutron. Again, the fact that gamma-rays with energies up to 4.44 MeV deposit no more than 750 keV ee in the Arktis NDT is striking.
This property of the detector greatly facilitates the identification of fast neutrons depositing more energy than this value.
Summary
A first comparison between the PSD characteristics of a novel 4 He-based high-pressure gas scintillation detector and a standard NE-213 liquid-scintillator reference detector has been performed. A Pb-screened Am/Be mixed-field neutron and gamma-ray source was used to irradiate the detectors and a highresolution scintillation-pulse digitizer was used to optimize the PSD using the tail-to-total method. The NE-213 liquid-scintillator reference cell was differentially very sensitive to the incident gamma-rays and registered a wide range 
